We have developed a modified version of our fully automated column-switching HPLC method for determining total plasma homocysteine based on single-column (reversed-phase) separation. Homocysteine, cysteine, and cysteinyiglycine in plasma (total concentrations), acidprecipitated plasma (non-protein-bound concentrations), and urine can be determined. The derivatization and chromatography were performed automatically by a sample processor. The successful separation of all thiol species (within 15 mm) was accomplished by accurate adjustment of the pH of the mobile phase to 3.65 (plasma) or 3.50 (acid-precipitated plasma, urine). Maximal fluorescence yield of cysteine, cysteinylglycine,and, to a lesser degree, homocystemne was dependent on optimal concentrations of EDTA and dithioerythritolduring reduction(with NaBH4) and derivatization (with monobromobimane). The method is sensitive (detection limit -0.05 pmol) and has a high degree of precision (CV <5%). The sample output is -70 samples in 24 h. Serum and heparin plasma can also be analyzed. Hemolysis up to --2.0 g/L of hemoglobin did not interfere with the analytical recovery of homocysteine or cysteine. Collection of blood, separation of plasma from whole blood, and acid precipitation must be standardized to obtain reproducible thiol results. Our modifications and the standardization of blood-sampling procedures have substantially improved the method and broadened its applications. Clinical studies of >1600 patients indicate that hyperhomocysteinemia is an independent risk factor for premature cardiovascular disease (4). Furthermore, determination of homocysteine in plasma and serum is useful both in the diagnosis and follow-up of folate and cobalamin deficiencies and the rare inborn errors causing homocystinuria (5). Thus plasma and serum homocysteine are established as indicators of several common disease states, so that homocysteine determination is attractive as a routine analysis.
Clinical studies of >1600 patients indicate that hyperhomocysteinemia is an independent risk factor for premature cardiovascular disease (4) . Furthermore, determination of homocysteine in plasma and serum is useful both in the diagnosis and follow-up of folate and cobalamin deficiencies and the rare inborn errors causing homocystinuria (5). Thus plasma and serum homocysteine are established as indicators of several common disease states, so that homocysteine determination is attractive as a routine analysis.
In normal plasma and serum, -70% of homocysteine (1) and 30% of cysteine (6) are protein bound. Storage of whole plasma and serum causes redistribution of plasma thiols sothat the protein-bound fraction increasesat the 1Department of Pharmacologyand Toxicology, Armauer Hansens hus, University of Bergen, N-5021 Bergen, Norway. 2Author for correspondence.
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expense of the free, acid-soluble fraction. Therefore, determination of total (both free and protein-bound) homecysteine is preferable in the clinical setting (3).
Several procedures for determining total homocysteine have been described (1, 2, 7-14), but these techniques require either laborious sample processing and derivatization or operation of sophisticated chromatographic instrumentation.
Four years ago we constructed the first fully automated method for determining total homocysteine in plasma (9) . One major drawback of this method was a column-switching step, which required two solvent-delivery systems. Such switching also causes a pressure surge through the system, which may cause column deterioration and reduce column life.
Introduction of total plasma homocysteine determination in the university hospital laboratory in Bergen motivated the construction of a simple but fully automated single-column technique. Major advantages are longer column life; simultaneous determination of cysteine and cysteinylglycine;
and total analytical recovery of all three thiols measured in plasma collected in EDTA or heparin, or in serum, urine, or acid-treated plasma. Procedures for sample collection and handling were also developed and evaluated.
MaterIals and Methods

Materials
L-Homocystine, L-cystine, cysteinyiglycine ( Acid-precipitated plasma was used for determining free concentrations of the thiols. Blood was collectedinto a cooled EDTA Vacutainer Tube, and the blood cells were removed without delay by centrifugation for -0.5 mm at 10 000 x g. Within 2 mm after collection of the blood, plasma (0.5 mL) was added directly to a vial containing 50 L of 500 gIL sulfosalicylic acid. The acid-treated plasma was then allowed to stand for 5-10 mm on ice before removal of the acid precipitate by centrifugation for -1 mm at 10000 x g. Plasma and the acid supernate were stored at -20 #{176}C until analysis.
Derivatization
procedures.
The automated derivatization procedure of plasma samples was presented elsewhere (9) . Briefly, the autosampler is filled with as many as 60 samples (--20 h analysis time) and the reagents necessary for derivatization.
(All reagents were tested and found to be stable for the duration of the unattended analysis, i.e., 24 h.) The sample vials and most reagent reservoirs are stored in cooled racks (2-3 #{176}C), whereas the acids, ethylmorpholine buffer, and water are kept at room temperature. The sample processor collects the sample and the reagents and dispenses them into one derivatization vial (a 1000-1zL vial), where reduction and derivatization are carried out at room temperature.
We modified the composition of reagents used for reduction and derivatization. Plasma, serum, and undiluted urine were derivatized as follows: 30 used and the flow rate was 2 mL/min. The retention times of cysteine, cysteinylglycine, and homocysteine were -8, 9.5, and 10.5 mm, respectively.
Precisionand Recovery
Precision. To determine within-day precision, we assayed 10 replicates of the biological sample in one run. Between-day precision was obtained by determining the same biological samples on 10 different days over 1 month.
Recovery studies. Known concentrations of homocysteine, cysteine, and cysteinylglycine equivalents were added to water containing 100 tmol/L DTE or to a biological sample (plasma or acid-precipitated plasma or urine). The concentration of thiols determined in 10 replicates of water matrix ( anticoagulant were placed on ice and the blood cells were removed by centrifugation within 10 mm. The plasma fraction was collected without delay. Serum was obtained by leaving whole blood at room temperature and collecting the serum fraction within 60 ruin. In another experiment, EDTA plasma and serum were left with the blood cells for the same period of time.
Evaluation of stability of total plasma homocysteine during storage of whole blood. Changes in total plasma homocysteine in whole blood from 40 consecutive patients were determined as a function of time and temperature. We either prepared the plasma immediately (control) or left the vial containing whole blood at room temperature (22 #{176}C) or on ice (0-2#{176}C) for 4 and 24 11 before removing the blood cells. To test whether plasma homocysteine or plasma methionine concentrations afi=n fected stability of plasma homocysteine in whole blood, we gave a healthy volunteer an oral methionine load of 100 mg/kg body weight. Six blood samples were collected (before and 1, 2.5, 4, 8, and 30 h after the methionine load), and either plasma was prepared immediately or whole blood was left at room temperature (22 #{176}C) or on ice (0-2 #{176}C) for 1, 4, and 24 h before preparation of plasma.
Evaluation
of stability of total plasma homocysteine in plasma. Blood samples collected from 40 consecutive patients were immediately cooled and centrifuged and the plasma fraction was either removed and analyzed without delay or left at room temperature for 4 days before analysis.
Changes in free, bound, and total plasma thiols during storage of whole blood or plasma. Time-and temperature-dependent changes in free, bound, and total plasma thiols during storage of whole blood and plasma were measured in six blood samples, each divided into two portions. Plasma was prepared from one portion within 1 ruin and total thiol concentration was determined (control total concentration). A fraction of this plasma was immediately treated with acid to obtain the control values for free thiols. Another fraction of plasma was left either at room temperature or at 0-2 #{176}C for 0.5, 1,4, or 24 h before determination of total thiol concentration or acid treatment to obtain the free fraction. The other portion of whole blood was left either at room temperature or at 0-2#{176}C for 0.5, 1, 4, or 24 h before preparation of plasma; in plasma so obtained, total thiols and free thiols (after acid treatment) were determined.
Hemolysis.
Blood from one donor was collected into three Vacutainer Tubes containing EDTA. The hemoglobin concentration of the sample was determined in one tube. Blood from another tube was subjected to rapid freezing and thawing (three times) to obtain hemolysis. Blood in the third tube was centrifuged and plasma was separated from the blood elements. The hemolyzed sample (with known concentration of hemoglobin) was then added to plasma to obtain increasing concentration of hemoglobin (and other cellular components) in the plasma sample. Maximal dilution of plasma with the hemolyzed sample was -6%.
Statistics
Data from precision and recovery studies are presented as mean ± SD or coefficient of variation (CV). The test for stability of homocysteine in whole blood or in plasma stored under various conditions was performed by using a Friedman test followed by a Wilcoxon signed-rank test for paired samples (15) . In addition, sample stability was evaluated by using the test statistics (T.S.) described by Thiers et al. (16) : The sample constituent was considered stable when its mean concentration changed by <1 CV of the method, allowing a 5% risk of error in decision (2a = /3= 0.05). The results were presented by using the truncated normal sequential test in which
where S is the measured concentration of the ith sample after storage, F is the concentration measured in the fresh (reference or control) sample, and CV is the coefficient of variation of the method, which was set at 3%, based on our results from the precision studies.
The test for stability of homocysteine in whole blood as a function of the initial concentration was performed by using a Spearman rank correlation coefficient or a Kruskal-Wallis test followed by a Mann-Whitney U-test with a Bonferroni correction (15).
Resufts Optimization and Performance of the Assay
Optimization of reduction and derivatization.
We found that the optimal sodium borohydride concentration (1.3 molJL) in the homocysteine assay (9) was also optimal for the measurement of oxidized species of cysteine and cysteinylglycine (data not shown). However, the concentration of monobromobimane required to obtain a maximal fluorescence yield of cysteine and cysteinylglycine was higher than for assay of homocysteine, and the final concentration of monobromobimane during derivatization was therefore raised to -800 MmoIJL.
ED'FA was added before derivatization.
This significantly increased the fluorescence yield of cysteinylglycine and cysteine (-60%) in standard solutions and biological fluids not containing EDTA. Furthermore, the inclusion of EDTA significantly reduced the size of several unidentified peaks in the chromatogram.
DTE was required in dilute samples and in standard solutions to obtain maximsil yield of all thiol components, as previously reported for the determination of homocysteine (9) . The effect from DTE was particularly pronounced when acid-treated samples were assayed (data not shown).
Chromatography. Figure 1 shows the chromatograms of the three thiol components in plasma from a healthy person. Cysteine, cysteinylglycine, and homocysteine eluted in this order, and their retention times were only moderately affected by changing the pH of the mobile phase from 3.5 to 3.8. However, the chromatographic behavior of several unidentified peaks and glutathione was highly dependent on pH, with these peaks eluting more rapidly at higher pH (Figure 1) . We exploited the pH-dependent elution of this material to avoid chromatographic interference with the cysteinyiglycine and homocysteine peaks. In addition, the system was further optimized by adding nitric acid to the mobile phase, which improved the separation of homocysteine from a peak that eluted at a slightly later retention time. In plasma (total concentrations), optimal separation of homocysteine from interfering peaks was obtained at pH 3.65 (Figure 1) .
In urine and in acid-precipitated plasma (free concentrations), the material eluting as peak X in Figure 1 was Linearity, precision, and recovery. The linearity of the assay results plotted vs concentrations of cysteine, cysteinylglycine, and homocysteine in plasma, acid-precipitated plasma, and urine is shown in Figure 2 . In the absence of added DTE and EDTA, linear curves were obtained, except at high dilution or for thiol standards dissolved in buffer (data not shown).
The results from precision and recovery studies of the optimized assay are shown in Table 1 . Except for homecysteine in urine, the within-and between-day CVs for cysteine, cysteinylglycine, and homocysteine were <5%. The analytical recovery was 85 Stability of total homocysteine in whole blood wa8 further evaluated by using the test statistics of Thiers et al. (16) , which confirmed that total homocysteine was stable for 4 h at 0-2 #{176}C but unstable at low temperature for 24 h or at room temperature for 4 or 24 h (Figure 3) .
We measured the percentage change in plasma homecysteine as a function of initial concentration (range 4.5-31.6 L.mol/L) in 40 blood samples. When the data points were treated separately by using Spearman rank correlation coefficient, we found a negative correlation between percentage increase and the homocysteine concentration in blood stored for 4 h (r = -0.31, P = 0.052) or24h(r = -0.52,P <0.01)oniceandfor4and24hat room temperature (for both; r = -0.78, P <0.01). Figure  4 shows these data grouped by low, intermediate, and high initial plasma homocysteine concentration. The absolute change in plasma homocysteine (in moI/L) during storage of whole blood was relatively constant (upper panel), causing a marked difference in percentage change (lower panel).
We also compared stability of plasma homocysteine during storage of whole blood in six samples collected from one person immediately before and 1-30 h after an oral methionine load (Figure 5) . Notably, in the samples with markedly high concentrations of plasma homocysteine, both the percentage and absolute increase in plasma homocysteine during storage of whole blood at 22#{176}C were lower or even negative compared with samples with low homocysteine concentration ( Figure 5 , lower panel). These differences between high and low plasma homocysteine concentration were also observed when whole blood was stored on ice, but were less pronounced (data not shown).
Stability of total homocysteine in plasma.
Storage of plasma for 4 days at room temperature induced a small (-2%) but significant (P <0.05) increase in total homecysteine. However, when the stability was tested by the method of Thiers et al. (16) , the plasma samples were found to be stable under this condition (Figure 3) . Redistribution and changes of plasma thiol components in whole blood and plasma.
The total plasma concentrations of homocysteine, cysteine, and cysteinyl- (by 45% and 122%, respectively) and cysteine decreased (by 17%) (data not shown).
A time-dependent redistribution between free and protein-bound thiol components in plasma occurred during storage of whole blood or plasma, both at low and high temperature (Table 2 ). In whole blood and plasma kept at 4#{176}C and in plasma kept at 4 or 20#{176}C, free homocysteine, and to a lesser extent free cysteinylgly- cine, usually increased temporarily within 0.5 h after blood sampling. The increase was accompanied by a transient decrease in the protein-bound fraction and may be explained by release of these thiol components from plasma proteins in fresh samples. After prolonged incubation (up to 24 h), the protein-bound fractions of all thiol components increased at the expense of the free fraction. In whole blood incubated at 20#{176}C, this decrease in the free fraction of homocysteine and cysteinylglycine seemed to be outbalanced by the release of these compounds (or their precursors) from the formed elements of blood (Table 2 ).
Anticoagulants;
plasma vs serum. The modified assay is compatible with heparin and citrate anticoagulants in addition to EDTA. We compared the total homocysteine concentration in EDTA plasma and in the corresponding sera from 40 consecutive patients. When the blood cells were removed at the same time (60 mm) from both the serum and plasma samples, there were no significant differences (P >0.05) in the total homocysteine concentrations. However, when we compared optimally treated plasma (separated immediately) and serum prepared within 60 min, the plasma homocysteine concentrations were significantly higher [mean 7 (SD 3)%, P
<0
.01] in serum than in plasma.
Hemolysis.
When we assayed EDTA-plasma with the present method, total homocysteine and cysteine concentrations remained stable in the presence of up to -2 g of hemoglobin per liter of plasma (the color of this plasma is deep red). Beyond this amount of hemolysis, the recovery of both thiols decreased in proportion to the plasma hemoglobin content. In contrast, plasma cysteinylglycine increased upon hemolysis (Figure 6 ), probably because of release of its precursor, glutathione (17), from the intracellular compartment.
Discussion
Practicality and low instrument cost are central features of a routine laboratory test. We have therefore substantially modified the filly automated method for the determination of total plasma homocysteine described by us 4 years ago (9). This modified version, which is based on a single solvent-delivery system, is easier to operate, consumes less mobile phase, is more reliable, and puts less mechanical strain on the HPLC column than did the original method. Furthermore, the new method measures cysteine and cysteinylglycine in addition to homocysteine, whereas only homocysteine was detected by the column-switching technique.
The basic principle of the present techniques was adopted from the original method (9). Monobromobimane is still preferred as a derivatization reagent because it is sufficiently reactive at room temperature to allow automatization. In addition, the fluorescent yield is high and the samples can be extensively diluted so that no deproteinization is required. However, monobromobimane does not specifically react with thiols, and monobromobimane and its hydrolysis products are fluorogenic (18). This causes chromatographic interference, which in the original method (9) was overcome by a chromatographic "heart-cut" performed with a column-switching device and two solvent-delivery systems; i.e., effluent containing eluting (and possibly interfering) material before and after the compound(s) of interest was switched outside of the analytical column. The modified technique exploits the dependence of the chromatographic elution of interfering material on the pH of the mobile phase; resolution of cysteine, cysteinylglycine, and homocysteine in plasma was obtained at pH 3.65 (Figure 1) .
The simultaneous quantification of all three thiols is a feature shared by some other homocysteine assays (7, 13, 19) . This may be an important asset because of the apparent relation between homocysteine and other thiols in plasma (20) (21) (22) . Moreover, we recently showed that the ratio between homocysteine and cysteine is more strongly correlated to serum folate than is plasma homocysteine in patients with rheumatoid arthritis (23) .
The present method required the presence of EDTA and DTE during derivatization for analytical recovery of cysteine and cysteinylglycmne. Conceivably, EDTA exerts its effect by chelating transition metals that catalyze thiol oxidation (24, 25) ; DTE may prevent reoxidation of thiols, especially in dilute solutions (19, 26) .
With the present technique, homocysteine in acidtreated plasma can be measured. In the clinical setting, however, we recommend the determination of total plasma homocysteine concentration (3), because free thiols are highly unstable in the presence of plasma proteins, and plasma must be prepared and acid-precip- 99 (1) 74 (4) 100 95 (8) 93 (11) 105 (3) 122 (18) 100
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94 (14) 25 (5) 10 ( (Table 2 ) (6) . However, determination of free homocysteine concentration may provide additional information on the regulation of plasma homocysteine and also on the relation between homocysteine and other plasma thiols (20) (21) (22) .
This modified version of our method also allows for the determination of homocysteine in urine. Quantitative analysis of homocysteine in urine can be performed with several methods (1, 2, 27) , and determination of homocysteine in urine is used in the diagnosis of homecystinuria (28). Apart from homocystinuria, only two clinical studies have included data on urinary homocysteine concentrations during disease or drug therapy (29, 30) . Notably, in both studies, urinary homocysteine concentrations mirrored the change in plasma. Determination of urinary homocysteine may be a valuable noninvasive method, especially in children, and further investigations are warranted.
An aim here was to establish practical procedures for sample collection. Total homocysteine was stable in plasma for a sufficiently long time (4 days) (Figure 3 ) to allow transport of unfrozen samples to the laboratory. However, in whole blood, the time-and temperaturedependent changes in plasma homocysteine ( Figure 3 , Table 2 ) may cause serious artifacts in the determination of homocysteine and other plasma thiols.
We observed that the absolute amount of homocysteine released from the blood cells in vitro was essentially independent of the initial plasma concentration (Figure4, upperpanel) .Thus,the homocysteine release from blood cells may cause particularly large errors in the determination of plasma homocysteine concentrations <15 mol/L, whereas the percent increase is moderate at higher concentrations (Figure 4, lower  panel) .
A methionine loading test is currently used to reveal defects in homocysteine metabolism (3), and knowledge of the stability of plasma homocysteine in whole blood sampled during this procedure is therefore important. In blood collected at the maximal homocysteine response, two processes could be distinguished ( Figure 5) .
A small transient decline was observed alter blood was stored for a short time, which may reflect net homocysteine influx into blood cells. This was followed by a time-dependent increase in homocysteine at a rate independent of homocysteine or methionine concentra-tion, probably caused by homocysteine production from the blood cells (31) . Thus, from a practical point of view, the stability of homocysteine in whole blood obtained during methiomne loading resembles that observed with high-concentration fasting samples, as presented in Figure 4 . The percent increase upon storage of whole blood is small compared with the changes observed in samples containing low concentrations of homocysteine. A possible initial influx of homocysteine ( Figure 5) suggests that homocysteine in blood cells is not in equilibrium with that in plasma, and that in vivo plasma homocysteine (during methionine loading at least) stems from cells or tissues (probably liver) other than blood cells. Furthermore, in vitro, homocysteine production from blood cells is not affected by the presence of excess methiomne or products of methionine metabolism. This agrees with the observation that several hematological cell lines show no homocysteine response when cultured in the presence of high methionine. In contrast, liver cells in primary culture respond markedly to methionine loading (32) .
Our data on the kinetics of production and release of homocysteine from blood cells into plasma (Figure 3 ) or serum at room temperature suggest that rapidly prepared serum (within 60 mm after collection) gives <10% higher values for total homocysteine than from optimally prepared plasma. Therefore, we initially recommended the use of both serum and plasma separated from cells within 1 h after collection. This routine led to an unexpected number of serum samples with increased homocysteine, which could not be confirmed by repeated blood sampling and analysis (data not shown). We now recommend that for the determination of total plasma thiols, whole blood should be placed on ice and the plasma fraction immediately prepared. If serum is used, it must be aspirated immediately after clot retraction. Our findings and these recommendations confirm and extend those recently published by Vester and Rasmussen (14) .
